Layered transition metal dichalcogenides have attracted substantial attention owing to their versatile functionalities and compatibility with current nanofabrication technologies. Thus, noninvasive means to determine the mechanical properties of nanometer (nm) thick specimens are of increasing importance. Here, we report on the detection of coherent longitudinal acoustic phonon modes generated by impulsive femtosecond (fs) optical excitation. Broadband fs-transient absorption experiments in 1T'-MoTe2 flakes as
a function of thickness (7 nm -30 nm) yield a longitudinal sound speed of " = (2990 ± 90) m s −1 . In addition, temperature dependent measurements unveil a linear decrease of the normalized Young's modulus " ",%&' ) ⁄ with a slope of ( " ",%&' ) )/ ⁄ = (-2.0 ± 0.1) 10 -3 K -1 and no noticeable change caused by the Td -1T' structural phase transition or variations in film thickness.
MAIN BODY
The investigation of elastic waves produced by transient surface heating induced by electromagnetic radiation and electron beam bombardment dates back to about 1960 [1] [2] [3] . The impulsive deposition of energy is known to create a temperature gradient normal to the surface, which leads to thermal stress and the release of elastic waves that propagate away from the heated interface. The detection of acoustic waves in bulk materials was achieved by the implementation of piezoelectric crystals capable of transducing pressure shock waves into readable voltage signals [1] [2] [3] . The advent of femtosecond (fs) laser-based techniques made possible the determination of elastic properties in nanomaterials by compensating the drastic reduction in length scale through the improvement in time resolution. When an optical pulse hits the surface of a metallic film for instance, the absorbed photons drive the electron gas out of equilibrium. Fast electron-electron scattering leads to a hotter Fermi distribution, which ultimately transfers the excess energy to the phonon bath on the picosecond timescale. These processes are relatively quick when compared to the thermallyinduced macroscopic volume expansion, and therefore electronic and thermal contributions to the stress result in the generation of coherent acoustic waves that locally modulate the structure and the dielectric properties of the material, which can be detected by structural [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and optical probes 14-21 . 3
Here, we implemented fs-broadband transient absorption spectroscopy to generate and detect longitudinal acoustic waves in mechanically exfoliated 1T'-MoTe2 crystalline flakes of varying thicknesses (7 nm -30 nm). Our measurements serve as a means to determine the longitudinal elastic Young's modulus of tiny specimens in a noninvasive manner. Since thin 1T'-MoTe2 is known to degrade in the presence of ambient moisture 22 , flakes were first transferred onto 10 µm x 10 µm square, 50-nm thick stoichiometric silicon nitride (Si3N4) windows and covered with hexagonal boron nitride (BN) inside a nitrogen-filled glovebox.
Furthermore, all experiments were carried out under vacuum conditions in an optical cryostat with the capability to control the temperature from 77 K to 500 K with high stability (± 0.05 K). An atomic force microscope was used to determine the thickness of the 1T'-MoTe2 flake underlying BN. A photograph of a representative 10-nm 1T'-MoTe2 sample is shown in Fig. 1 windows. The latter were used to carry out the spatial overlap between the pump and probe beams, which was optimized by maximizing amplitude of the transient absorption signal. The size of the pump beam was much larger than the entire flake thus insuring uniform sample excitation. Owing to our geometrical arrangement and the large size of the pump laser spot, our transient absorption measurements were exclusively sensitive to longitudinal acoustic phonons; i.e. strain waves that propagate in the direction normal to the plane of the layers. An acoustic wave generated by a fs-optical pulse that impinges onto the surface of a thin film is anticipated to propagate normal to the film's surface bouncing back and forth at the film boundaries due to acoustic impedance mismatch; thus yielding a round trip period, " , given by Eq. 1,
where ℓ is the thickness of the flake and " is the longitudinal sound speed. Note that if such a traveling sound wave evolves into a standing wave, Eq. 1 would still correspond to its fundamental tone. Figure 1(a) shows raw fs-broadband transient absorption spectra obtained for the 10-nm thick 1T'-MoTe2 sample.
There is a clear modulation of the transient absorption signal across the probed spectral range. Figure 1(c) presents the residuals obtained after spectral averaging and removal of the electronic population background dynamics. These steps are performed to improve the signal-to-noise ratio and the confidence of the fitting and Fourier transform procedures. The value of " = 56 and its error were calculated by fitting the residuals with a damped sinusoidal function ℱ( ) = (− ) (2 + ). Figure 1(d) also displays the frequency spectrum obtained via fast Fourier transform (FFT) of residuals. Figure 2 shows the dependence of " with flake thickness. A linear fit of the data with (0,0) intersect renders a value of ",%&') = 2990 ± 90 m s -1 at room temperature. This is in reasonable agreement with the reported longitudinal sound velocity for the 2H-MoTe2 phase, which is " = 3467 m s -1 (exfoliated films) 26 , " = 3796 m s -1 (molecular beam epitaxy-grown films) 26 and " = 2800 m s -1 (estimated from DFT calculations) 26, 27 . We would like to mention that some discrepancy arising from different layer stacking corresponds to the characteristic 1 A1 interlayer Raman shear mode of the low-temperature Td-phase, which disappears in the high-temperature 1T'-MoTe2 state 24, 25 .
In order to investigate the effect of this first order phase transition on the elastic properties of our exfoliated flakes, we performed fs-transient absorption measurements as a function of the sample temperature. The sound speed is related to the elastic Young's modulus, " , according to Eq. 2,
where ρ is the density of the material (7.67 g cm −3 ) 32 and EL has units of pressure. We obtained a value for ",%&' ) = 68 ± 4 GPa. Figure 3 illustrates the dependence of the normalized Young's modulus " ",%&' ) ⁄ with temperature for two MoTe2 samples with thicknesses of ~ 12 nm and ~ 30 nm. Given that a typical thermal expansion coefficient of 10 -5 K would translate into negligible changes of ℓ (and ), it is possible to approximate " ",%&' ) ⁄ ≈ ( %&' H ⁄ ) % . The measured value of ",%&' ) in 1T'-MoTe2 was found to agree reasonably well with the out-of-plane stiffness constant of other layered materials such as graphite (36.5 GPa) 33 and 2H-MoTe2 (93.6 GPa, exfoliated flakes) 26 . However, the Young's modulus of MoTe2 displays a much more pronounced temperature dependence, i.e. (-2.0 ± 0.1) x 10 -3 K versus -3 x 10 -4 K for graphite (estimated within the same temperature range from the modeled results from reference 33 ). This observation reflects large anharmonicities of the lattice potential along the direction of the weakly interacting van der Waals cohesive forces in this highly anisotropic system 34 . Moreover, the linear behavior illustrated in Fig. 3 suggests that the elastic properties of the films are not substantially altered, neither by the aforementioned Td -1T' structural transition nor changes in thickness within the explored ~ 12-nm -6 30-nm range. The latter statement is also consistent with the linear trend observed in Fig. 1 despite the fact that sub-12-nm thick 1T'-MoTe2 films were found to spontaneously transition to the Td-phase by dimensionality effects 22 .
We demonstrated a reliable and noninvasive technique that can be used to determine the elastic properties of nm-thick, micron-sized materials, and in particular those of an increasing number of interesting layered transition metal dichalcogenides. Our approach relies on the implementation of homemade nanofabricated optically transparent freestanding Si3N4 windows with dimensions that can be easily adjusted to match the small size of ultrathin flakes typically produced by mechanical exfoliation. 
